Citation: Metlapally R, Park HN, Chakraborty R, et al. Genome-wide scleral micro-and messenger-RNA regulation during myopia development in the mouse. Invest Ophthalmol Vis Sci. 2016;57:6089-6097. DOI: 10.1167/iovs.16-19563 PURPOSE. MicroRNA (miRNAs) have been previously implicated in scleral remodeling in normal eye growth. They have the potential to be therapeutic targets for prevention/ retardation of exaggerated eye growth in myopia by modulating scleral matrix remodeling. To explore this potential, genome-wide miRNA and messenger RNA (mRNA) scleral profiles in myopic and control eyes from mice were studied.
M icroRNAs (miRNAs) are small noncoding molecules that play pivotal roles in cell signaling through regulation of gene expression, specifically, by pairing with complementary messenger RNA (mRNA) sequences to either suppress translation or degrade mRNA. [1] [2] [3] It is now recognized that they play crucial roles in normal physiological and pathologic processes, both in nonocular and in ocular tissues. 4, 5 Previous studies that focused on the human ocular sclera implicated miRNAs in normal ocular growth (axial elongation), with samples from very young, rapidly growing eyes, showing differential expression compared to those from adult (assumed) stable eyes. Some of the differentially expressed miRNAs could be linked to extracellular matrix remodeling pathways, making them potential targets for preventing or slowing the progression of myopia, which is largely a product of active scleral extracellular remodeling and thinning. 6 As the first step in exploring the potential of miRNAs as therapeutic targets for myopia control, this study sought to understand their role in the scleral changes underlying myopia. We hypothesized that myopia development, when ocular axial elongation (''growth'') is exaggerated, is directly linked to differential regulation of scleral miRNAs.
This study used a mouse model of myopia, which has distinct advantages over other animal models of myopia in that the mouse possesses a well-characterized genome and a short gestational period with large litter sizes. 7 In the context of myopia, visual FD has been shown to induce myopic shifts in refractive error by a number of different research laboratories. [7] [8] [9] [10] [11] [12] [13] [14] [15] The mouse also has a fibrous sclera, like other mammals and primates. 16, 17 In this study, myopia was induced in young mice with short-term FD, and after the expected refractive error and ocular dimensional changes were confirmed, genome-wide expression profiling of mi-and mRNAs of scleral tissue was undertaken using microarray analyses, and gene ontology/bioinformatic analyses coupled with validation iovs.arvojournals.org j ISSN: experiments, using quantitative PCR. Briefly, this study revealed differentially expressed mi-and mRNAs linked to myopia, implicating miRNAs and specific signaling pathways in scleral extracellular matrix remodeling and eye growth regulation.
METHODS

Animals and Biometric Measurements
The C57BL/6J mice used in this study were reared under a 12L:12D cycle in an Atlanta VA-approved facility, with food and water provided ad libitum. All procedures were conducted according to the ARVO statement for the use of animals in ophthalmic and vision research and were approved by Institutional Animal Care and Use Committee. All mice (n ¼ 14), 7 in each group for microarray and quantitative PCR (qPCR) analyses were unilaterally form-deprived (FD) for 2 weeks, starting at age P28, using white plastic diffusers on right eyes as previously described. 8 Animals were anesthetized with ketamine (80 mg/kg) and xylazine (16 mg/kg) for the procedure and also for measuring refractive error, using photorefraction, 11 and ocular biometry, using a 1310-nm spectral-domain optical coherence tomography (Bioptigen, Inc., Durham, NC, USA), as described previously. 18 
Tissue Collection and RNA Extraction
Mice were euthanized by cervical dislocation. Eyes were then enucleated and hemisected, and posterior eye cups were flat mounted, and whole-sclera samples were isolated under physiological saline, with the removal of the retina, retinal pigment epithelium, and choroid layers as well as the optic nerve head, using a dissecting microscope (EZ4 model; Leica, Buffalo Grove, IL, USA). Following homogenization of the samples using a BeadRuptor 24 (Omni, Inc., Kennesaw, GA, USA), RNA was extracted using miRVANA miRNA isolation kits (Life Technologies, Bengaluru, India) and then quantified and checked for purity using a NanoDrop (Thermo Scientific, Waltham, MA, USA) as well as a Bio-analyzer (Agilent Technologies, Santa Clara, CA, USA).
miRNA Microarrays
Scleral RNA samples from FD and fellow control eyes were analyzed commercially (Ocean Ridge Biosciences, Palm Beach Gardens, FL, USA) using custom multispecies microarrays (Microarrays, Inc. Huntsville, AL, USA), covering the 1279 mouse mature miRNAs in addition to human (2040) and rat (723) miRNAs from mirBASE version 19, consisting of epoxide glass substrates that had been spotted in triplicate with each probe. The samples were digested using DNase, and lowmolecular weight RNA was first isolated by ultrafiltration through YM-100 columns (Merck Millipore, Darmstadt, Germany) and subsequently purified using the RNeasy MinElute clean-up kit (Qiagen, Hilden, Germany). The low-molecular weight RNA samples (50 ng) were 3 0 -end labeled with Oyster-550 fluorescent dye, using Flash Taq RNA labeling kit (Genisphere, Hatfield, PA, USA). Labeled low-molecular weight RNA samples were hybridized to the miRNA microarrays according to the recommended procedures. The microarrays were then scanned using a microarray scanner (Axon Genepix 4000B model; Molecular Devices, Sunnyvale, CA, USA), and data were extracted from images using GenePix version 4.1 software.
Data Preprocessing (miRNA Microarrays). Spot intensities were obtained for the 10,330 total features (including triplicates) on each microarray by subtracting the median local background from the median local foreground for each spot. Detection thresholds (T) for each array were determined by calculating the 10% trim mean intensity of the negative controls spots and adding 5 times the SD of the background (nonspot area). The spot intensities and thresholds were transformed by taking the log (base 2) of each value. The normalization factor (N) for each microarray was determined by obtaining the 20% trim mean of spot intensities above threshold in all samples. The log2-transformed spot intensities for all 10,330 features were then normalized by subtracting N from each of the spot intensities and scaled by adding the grand mean of N across all microarrays. The mean probe intensities for each of the 3,431 mammalian and control probes on each of the arrays represented the average of the triplicate spot intensities. Spots flagged as poor quality during data extraction were omitted prior to averaging. The 1,257 mouse noncontrol log2-transformed, normalized, and averaged probe intensities were then filtered to obtain a final list of 526 mouse miRNA probes, meeting the requirement of intensities above T for at least 25% of all samples.
Quality Control (miRNA Microarrays). Each array contained probes targeting 11 different synthetic miRNAs, each of which was added at a mass of 200 attomoles to each RNA sample prior to labeling and hybridization. The sensitivity of the microarray hybridization was confirmed by detection of hybridization signals well above the detection threshold for all 11 spiking controls. The array also contained a set of specificity control probes complementary to 3 different miRNAs. Each specificity control included a perfect match, a single mismatch, a double mismatch, and a shuffled version of the probe. The specificity of hybridization was confirmed by detection of hybridization signals corresponding to perfect matches and not modified versions of the probes. The reproducibility of the arrays was determined by comparing hybridization intensity within the triplicates on each array.
Differential Expression Analysis and Hierarchical Clustering (miRNA Microarrays). There were 526 probes that met all requirements for inclusion in data analysis. The log2-transformed and normalized spot intensities for these probes were examined for differences between groups (i.e., treated versus fellow control eyes), by 1-way ANOVA, using National Institute of Aging array analysis software 19 and applying the Bayesian error model with 208 of freedom. Statistical significance was determined using the false discovery rate method proposed by Benjamini and Hochberg. 20 Principal component analysis was also performed in detectable probes using National Institute of Aging software. Data for the detectable miRNA probes were clustered using Cluster 3.0 software. 21 Three rounds of gene median centering and gene median normalization were used to preprocess the data. Hierarchical clustering was conducted using centered correlation as the similarity metric and average linkage as the clustering method. Data from 1 control sample, which showed a relatively lower percentage detection of miRNAs, was excluded from statistical analyses.
mRNA Microarrays
Total RNA (50 ng) was converted to complementary DNA (cDNA) and amplified using a microarray system (Ovation Pico WTA system; NuGen, San Carlos, CA, USA) and analyzed using GeneChip Gene 2.0 ST microarrays (Affymetrix, Santa Clara, CA, USA; >28000 mRNAs; Genome Reference Consortium Mouse Build 38; transcript coverage and gene count derived from RefSeq download as of February 2012). Briefly, cDNA was fragmented and end-labeled with biotin, using GeneChip WT terminal labeling kit (Affymetrix). Labeled cDNA was then hybridized to GeneST arrays (Affymetrix), according to the manufacturer's instructions, after which microarrays were washed and stained using the Fluidics Station 450 and scanned with the Scanner 3000 7G (both from Affymetrix). Scanned images (CEL format files) were analyzed using the RMA algorithm to export the data CHP files using the Expression Console version 1.3.1 software (Affymetrix).
Data Preprocessing (mRNA Microarrays). Intensity data from the probes were adjusted for background, quantile normalized, summarized, and log2-transformed using software and exported to obtain the log2-transformed and normalized probe set intensities. Briefly, spot intensities for each probe were calculated by subtracting median local background from median local foreground for each spot; these values were then transformed by taking the base 2 logarithm of each, which were finally normalized by subtracting the 70th percentile of the spot intensities of probes relative to mouse constitutive exons and adding back a scaling factor (grand mean of 70th percentile). Data were filtered for mouse noncontrol probe sets. After we removed data corresponding to low quality spots and control sequences, 33,793 mouse probes remained and were filtered further to identify all probes with intensity above the normalized threshold determined as follows: [log2 (63 SD of raw local background) þ mean of log2-transformed negative controls]. After filtering, 20,547 probes were above threshold in at least 25% of all samples.
Differential Expression Analysis and Hierarchical Clustering (mRNA Microarrays). The log2-transformed and normalized spot intensities for the above-derived 20,547 probes were examined for significant differences between treated and fellow control eyes, as described earlier for miRNA differential expression analysis. Data from 1 experimental (goggled) sample and 1 control sample were not included in ANOVA analyses because they showed relatively lower percentages of detection of mRNAs.
Gene Ontologies (mRNA Microarrays) and miRNAmRNA Interactions. Using WebGestalt software, 22, 23 we determined the distribution of differentially regulated genes among cellular, molecular, and biological processes, querying the Gene Ontology database and comparing the relative distribution of genes that met specific significance criteria to the distribution of all detected genes. The hypergeometric method was used, and significance was set at an adjusted P value of <0.05 (Benjamini and Hochberg method), 20 with a minimum requirement of 2 or more genes being involved, using detectable genes with valid gene symbols (Genome Reference Consortium Mouse Build 38). Predicted gene targets for mouse miRNAs were downloaded from TargetScan, 24 EiMMo, 25 and Microcosm. 26 Three statistical tests of enrichment were used to determine whether the predicted targets of any miRNAs exhibited altered expression levels, which included miRNA Target Enrichment Analysis/miTEA, 27, 28 permutation, and hypergeometric distribution tests. For miTEA, the list of differentially expressed genes ranked by fold-change was used as the input, and the tool searched for any miRNAs whose predicted targets (by any of the three prediction methods) were enriched at the top or bottom of the ranked list. For the hypergeometric test, the number of genes identified as being differentially expressed predicted target(s) of a given miRNA was compared to the expected number of such genes according to the hypergeometric distribution. A similar test was performed using a random selection of genes to build the distribution of expected gene numbers.
Quantitative PCR
Validation experiments using select miRNAs and mRNAs, chosen based on fold-change and/or statistically significant microarray findings, were conducted using TaqMan miRNA and gene expression assays using a separate set of FD and control samples (n ¼ 7). Working within constraints imposed by assay and sample availability, we deliberately set a bias toward selecting targets toward those with potential involvement in matrix remodeling. TaqMan miRNA assays contained a stemlooped primer for reverse transcription and a sequencespecific TaqMan assay (containing forward and reverse primers along with a TaqMan MGB probe). Reverse transcription reactions specific to the tested miRNAs were performed using individual samples, and qPCRs were performed in triplicate (958C for 10 minutes; 958C for 15 seconds; 608C for 1 minute for 40 cycles). Gene expression assays contained both unlabeled PCR primers and the TaqMan MGB (FAM dyelabeled) probe. Housekeeping genes snoRNA202 and snoR-NA234 were used for miRNA assays, and GAPDH and POLR2A for the mRNA assays, based on previous studies demonstrating lack of association with myopia development (assay information is listed in Supplementary Table S1) . [29] [30] [31] [32] The comparative C T threshold method was used to analyze qPCR data; the amount of target was normalized to endogenous reference(s), cycle threshold (2 ÀDDCt ) values were determined, and foldchange differences between FD and control eyes were calculated. 33 The geometric mean of the expression levels of housekeeping genes was used as the normalization factor. 34 Two-tailed Student's t-tests were performed, assuming equal variance, and P values were thus obtained.
RESULTS
Myopia Induction
In response to visual FD for 2 weeks, treated eyes showed statistically significant relative myopic shifts in refractive error (mean interocular differences: À2.90 6 0.86 D; P < 0.05; and À1.25 6 0.28 D; P < 0.01 for groups used in microarray and qPCR experiments, respectively) although interocular differences in axial length for the above groups did not reach statistical significance (À10.7 6 9.9 and þ3.2 6 5.0 lm, respectively; P > 0.05). The interocular axial length difference data covering all experimental animals also did not reach statistical significance (À3.3 6 5.4 lm; P > 0.05), whereas the refractive error differences remained significant (À2.02 6 0.47 D; P < 0.01). Refractive error and axial length data for individual animals are summarized in Supplementary Table S2 .
Differential Expression, Gene Ontologies, and miRNA-mRNA Interactions (miRNA and mRNA Microarrays)
To compare expression levels between treated and control eyes, fold differences were calculated. Figures 1 and 2 show the cluster analyses performed on significant log2-transformed miRNA and mRNA probes, respectively. A total of 54 miRNAs showed significant differential expression, with 24 miRNAs being upregulated and 30 miRNAs downregulated, despite overall FD-induced changes in the levels of miRNA expression being low enough to moderate in size (maximum fold change [FC] ¼ 1.63 in either direction; P < 0.05; minimum P ¼ 0.0001). A total of 261 mRNAs showed significantly altered expression, with 177 showing upregulation and 84 showing downregulation (maximum FC ¼ 2.7, P < 0.05; minimum P ¼ 0.0001). We attribute the observed nondefinitive clustering to both biological variability and the relatively small proportion of probes showing statistically significant differential expression in relation to the total number of probes used for clustering. We summarized details of the main 20 significant miRNAs and mRNAs in Tables 1 and 2 , respectively. All significant results showing fold-changes of 1.25 and above are also summarized in Supplementary Tables S3 and S4. All data presented here represent raw P values, because none of the targets met statistical significance based on the false discovery rate correction method, which is also consistent with the small size of our study. 35 Querying the Gene Ontology database using WebGestalt software revealed several significant Gene Ontology processes. Notably, genes showing differential expression are overrepresented in processes related to intermediate filament organization, scaffold protein binding, detection of stimuli, visual perception, eye development, phototransduction, calcium ion homeostasis, G protein-coupled receptor, cell projection, and structural molecule activity. Complete lists of significant processes and networks are provided in Supplementary Tables S5 and S6 and shown graphically in Supplementary Figures S1 and S2. In analyses exploring potential miRNA-mRNA interactions, we found no enrichment of predicted mRNA targets (based on miRNA differential expression) in the list of differentially expressed mRNAs, for any of the methods used.
Validation qPCR
The results for miRNAs and mRNAs showing differential expression in microarray analyses based on their fold-change and/or statistical significance were validated using qPCR with an independent set of samples. For miRNAs, PCR fold-changes for Let-7a and miR-16 but not Let-7b reached statistical significance (Fig. 3, top) . PCR fold-changes for the sperm motility kinase 4A (Smok4a), peripherin 2 (Prph2), and guanine FIGURE 1. Differences among patterns of miRNA expression examined by cluster analysis. Cluster analyses were performed on 67 log2-transformed miRNA probes with P < 0.05, using Gene Cluster 3.0. Data were adjusted by centering median, and centered correlation was used as distance measurement (n ¼ 7). FIGURE 2. Patterns of mRNA expression differences examined by cluster analysis. Cluster analyses were performed on 691 log2-transformed mRNA probes with P < 0.05, using Gene Cluster 3.0. Data were adjusted by centering median, and centered correlation was used as distance measurement (n ¼ 7). * Mice were unilaterally form-deprived (FD) starting at age P28 for 2 weeks. miRNA expression profiles were studied using microarray analyses, and fold-changes were determined by comparison with fellow eye controls.
nucleotide binding protein, alpha transducing 1 (Gnat1) genes also reached statistical significance (Fig. 3, bottom) . Table 3 summarizes the 2 ÀDDCt values and standard deviations, as well as corresponding fold differences for all 3 miRNAs and all 3 mRNAs, along with related microarray findings.
DISCUSSION
We report for the first time, genome-wide scleral expression profiles of both mi-and mRNAs in a mouse model of FDinduced myopia. Overall, several scleral mi-and mRNAs showed differential regulation after 2 weeks of FD myopia, although the magnitude of the myopia-related changes in miRNA expression was relatively small in all cases. Nonetheless, these findings are in line with the notion that miRNAs are ''fine-tuners'' of gene expression 36 and perhaps indicative of a tightly controlled, scleral gene regulatory nexus driven by miRNA regulation. Because this is the first study to investigate the genome-wide miRNA and mRNA profiles in the mouse sclera after FD, there are no available expression profiles for direct comparison. However, the magnitude of observed scleral mRNA expression changes are comparable to differential gene expression changes documented in the tree shrew model of myopia, 29, 37, 38 although curiously, there is no overlap in genes showing differential regulation in these 2 species. This may reflect species differences and/or differences in the sampling time points used and magnitude of ocular growth responses.
The over-riding goal of this research was to identify scleral miRNAs that are differentially regulated in myopia and explore their potential to alter the course of scleral remodeling as a treatment strategy to prevent or slow ocular elongation. Shortterm myopia induction treatments allow the identification of genes critical to active ''myopic'' growth, whereas later sampling from much larger, more myopic eyes may yield results that are confounded by associated biochemical and biomechanical changes in sclera. To this end, we specifically limited our treatments to 2 weeks, when changes in axial ocular dimensions were still small, and thus, our findings reflect relatively early events, although extracellular matrix loss and/or scleral thinning cannot be ruled out.
Of the candidate miRNAs validated using qPCR, Let-7a has been shown to take part in NF-jb signaling and in the regulation of type I collagen. 39, 40 Although NF-jb signaling has not been studied in the context of scleral remodeling and myopia, regulation of type I collagen is directly relevant Rod outer segment membrane protein 1 0.0017 0.70 * Mice were unilaterally form-deprived (FD) starting at age P28 for 2 weeks. Gene expression profiles were studied using microarray analyses, and fold-changes were determined by comparison with fellow eye controls. because it is the main component of the scleral matrix, and myopic scleras show reduced collagen levels. 41 Other members of the Let-7 family also showed differential expression in our study, including Let-7b, previously shown to be involved in COL1A1 and COL1A2 regulation in skin fibroblasts. 42 However, the microarray finding for this miRNA failed the qPCR validation test, reiterating the need for validation studies to rule out false positives from high-throughput assays. We also cannot rule out the possibility that other members of the Let-7 family (e.g., Let-7a) play compensatory roles in the absence of changes in expression of Let-7b. Only further studies can address this possibility. miR-16, another miRNA showing significant differential expression, has been previously implicated in cell proliferation, TNF/NF-kB signaling, and apoptosis. [43] [44] [45] [46] Interestingly, there is some evidence from previous studies that scleral fibroblast proliferation is reduced in myopia, as reflected in decreased DNA production, although neither the rate of turnover of scleral fibroblasts nor the role of apoptosis are well understood. 47, 48 Three candidate mRNAs among the main significant genes from our microarray findings were validated using qPCR, Gnat1, Prph2, and Smok4a. The roles in scleral growth regulation of all 3 of these genes are at best poorly understood. Mutations in Gnat1 are associated with congenital stationary night blindness. 49 Gnat1 À/À mice lacking functional rods have also been shown to exhibit disrupted refractive development and a lack of response to FD. 50 Although these studies argue for a role of retinal Gnat1 in this abnormal growth pattern, Gnat1 has also been reported to be expressed in other tissues such as skin, heart, and liver. 51 Prph2 is a cell surface glycoprotein belonging to the tetraspanin family, in which mutations result in retinal degenerations. 52, 53 It has not been reported in the sclera before, and we can only speculate, based on known functions of tetraspanins and what is known about scleral structure, that Prph2 has the potential to take part in signal transduction and the maintenance of scleral extracellular matrix. To the best of our knowledge, there are no published studies describing the function of Smok4a. Given the limited scope of the validation experiments, they can be viewed only largely as technical confirmations and cannot substitute for detailed functional studies, required to reveal specific roles.
Among other main candidate mRNAs that were not chosen for validation are several members of the keratin family (Krt4, À5, À14, À15, and À17), all of which were upregulated in the myopic eyes of our mice. Although not widely studied in sclera, some keratins have been previously reported in normal human sclera (see supplemental information in Young et al. 54 ). They also hold the potential to influence scleral extracellular matrix because they are part of important intermediate filament network machinery that connects the cell periphery/extracellular matrix to the nuclear matrix via the actin microfilaments.
55 Surprisingly, we also found differentially expressed in our scleral samples, genes linked to retinal pathologies, but not linked previously to scleral remodeling. Given that the sclera is separated from the retina by the intervening choroid and the ease of collection of scleral tissue samples, we are inclined to rule out retinal contamination as the explanation for these results and instead argue for the presence of the above genes in the sclera, whose functions are yet to be characterized.
Highlighting the complex nature of scleral growth regulation, our investigations identified a wide array of cellular processes that may be involved in myopia development in the mouse model. Roles in scleral matrix remodeling mechanisms are suggested by some of the identified processes, for example, intermediate filament organization, scaffold protein binding, and structural molecule activity. However, we also have identified other processes generally deemed retinal and linked to detection of stimuli, visual perception and phototransduction. Could the rhodopsin gene be serving an unknown role in the sclera, given that it has been reported in pigmented skin cells and that the sclera harbors melanocytes? [56] [57] [58] As another example, gene enrichment in the visual perception process could reflect the activity of G protein-coupled receptors, given that the most effective off-label drug treatment for myopia, atropine, is an antagonist of G protein-coupled muscarinic receptors, with the sclera being one potential site of action. 59 Unfortunately similar enrichment analysis of miRNAs was not possible because of the low number achieving statistical significance.
Our miRNA-mRNA interaction analyses did not reveal any enrichment of predicted mRNA targets in our differentially expressed mRNA list. Nonetheless, as the same samples were processed for miRNA and mRNA profiling, our findings must be considered representative of actual biological events. Possible explanations for the lack of overlap between predicted targets and the differentially expressed mRNAs could include a relatively small number of differentially expressed miand mRNAs during scleral remodeling, resulting in only weak enrichment signals (no more were present than would be expected by a random draw of genes in a high-throughput experiment); or a high number of false positives among predicted interactions, given that they are based on several factors including sequence information, expression levels, physical chemistry properties and complex algorithms; or redundancy in regulation and small effects (several miRNAs acting at once to bring about a subtle change in gene expression).
There are limitations to our study. First, the sample size was small. However, given the lack of any published myopia-related genome-wide scleral mi-and mRNA expression data, we consider this study an important first step toward expanding our knowledge of the molecular landscape of the sclera. The extremely low amounts of RNA available from mice sclera also limited qPCR validation experiments to just a small number of mi-and mRNAs. Additional validation studies, as well as studies exploring the specific roles of miRNAs in mRNA regulation, are critical. The redundancy in miRNA regulation also calls for the application of unbiased bioinformatic approaches to provide initial rationale in selecting targets for such studies. Nonetheless, our decision to investigate miRNA and mRNA changes simultaneously rather than limiting our study to the differentially expressed miRNAs alone, avoided the need to rely exclusively on predicted mRNAs, which can only be speculative in nature. This decision seems also validated by our results, which reinforce the need for healthy skepticism about functional predictions and call for careful modeling of our own data prior to functional validations.
In conclusion, this is the first study, albeit on a small scale, to document genome-wide miRNA and mRNA expression changes in the sclera in an animal model of myopia. Our study revealed myopia-related changes in the expression of a number of miRNAs and genes, some of which have not been previously associated with scleral matrix remodeling. These findings provide a platform for further investigations aimed at understanding the roles of miRNAs in scleral mRNA regulation and matrix remodeling and potentially uncovering novel therapeutic scleral targets for preventing or slowing myopia.
